Single-pair fluorescence resonance energy transfer was used to track RNA exiting from RNA polymerase II (Pol II) in elongation complexes. Measuring the distance between the RNA 5 end and three known locations within the elongation complex allows us determine its position by means of triangulation. RNA leaves the polymerase active center cleft via the previously proposed exit tunnel and then disengages from the enzyme surface. When the RNA reaches lengths of 26 and 29 nt, its 5 end associates with Pol II at the base of the dock domain. Because the initiation factor TFIIB binds to the dock domain and exit tunnel, exiting RNA may prevent TFIIB reassociation during elongation. RNA further extends toward the linker connecting to the polymerase C-terminal repeat domain (CTD), which binds the 5-capping enzyme and other RNA processing factors.
Single-pair fluorescence resonance energy transfer was used to track RNA exiting from RNA polymerase II (Pol II) in elongation complexes. Measuring the distance between the RNA 5 end and three known locations within the elongation complex allows us determine its position by means of triangulation. RNA leaves the polymerase active center cleft via the previously proposed exit tunnel and then disengages from the enzyme surface. When the RNA reaches lengths of 26 and 29 nt, its 5 end associates with Pol II at the base of the dock domain. Because the initiation factor TFIIB binds to the dock domain and exit tunnel, exiting RNA may prevent TFIIB reassociation during elongation. RNA further extends toward the linker connecting to the polymerase C-terminal repeat domain (CTD), which binds the 5-capping enzyme and other RNA processing factors.
Pol II ͉ transcription ͉ FRET ͉ triangulation ͉ fluorescence P ol II synthesizes all eukaryotic mRNA and comprises 12 subunits, Rpb1 to Rpb12. An atomic model of Pol II has been obtained by x-ray crystallography (1, 2) . Additional studies of Pol II-nucleic acid complexes have given insights into the elongation complex structure and molecular aspects of the transcription mechanism (3) (4) (5) (6) (7) . Crystallographic analysis detected the position of the nascent RNA within the DNA-RNA hybrid above the active site (positions ϩ1 to Ϫ8, with ϩ1 denoting the nucleotide addition site) and for 2 nt upstream of the hybrid after the point of DNA-RNA strand separation (positions Ϫ9 and Ϫ10) (3, 7) . The last-ordered RNA nucleotide is located at the entrance to a tunnel [called the RNA exit channel for the bacterial RNA polymerase (8) ], which is formed among the polymerase wall, clamp, and lid. This tunnel leads from the active center cleft to the exterior and was proposed to accommodate exiting RNA (1, 3, 6, 7) . Beyond the putative exit tunnel, two prominent surface grooves on either side of the dock domain in principle could further accommodate exiting RNA (1, 9) . Groove 1 winds along the base of the clamp toward the Rpb4/7 subcomplex, whereas groove 2 leads along Rpb11 toward Rpb8. Recently, nascent RNA could be crosslinked to Rpb7, providing apparent support for groove 1 (10) . RNA beyond position Ϫ10 was present in one of the crystallographic studies of the elongation complex (3) but could not be observed in the tunnel or in the subsequent grooves, suggesting that its interactions, if they exist, are transient and cannot be detected in medium-resolution electron density maps.
To study if the nascent RNA indeed exits through the proposed tunnel, and whether it follows a defined surface path beyond the tunnel, we used single-molecule fluorescence experiments. Singleparticle methods prevent the loss of information because of averaging that is inherent to bulk experiments and crystallography (11) (12) (13) (14) . Fluorescence resonance energy transfer between two fluorophores [single-pair (sp)-FRET] provides a very sensitive tool for studying distances and conformational changes within biological complexes in the range of 10-100 Å (15, 16) .
Here we used sp-FRET to infer the position of the 5Ј end of the nascent RNA by relative distance measurements to known positions in the Pol II elongation complex. In a process known as triangulation/trilateration, we determined a previously unknown location by measuring the distance to that position from at least three known points in space. This process allowed us to map the path of the exiting RNA upstream of position Ϫ10. In this article, implications of our work for understanding the transcription mechanism are discussed.
Results
Engineering Fluorophore-Labeled Active Pol II Elongation Complexes.
The possibility to assemble complete Pol II elongation complexes from endogenous yeast 10-subunit core enzyme, recombinant Rpb4/7 subcomplex, and synthetic nucleic acid scaffolds (3) enabled the preparation of defined elongation complexes with fluorescent labels at discrete positions. Labels were readily incorporated into the synthetic nucleic acids. To reliably predict label locations, we used nucleic acid scaffolds that closely resemble those in the complete Pol II elongation complex structure (3). We prepared scaffolds with different RNA lengths, ranging from 17 to 35 nt and comprising a donor tetramethylrhodamine (TMR) fluorophore at their 5Ј ends (RNA17, RNA20, RNA23, RNA26, RNA29, RNA32, and RNA35; Fig. 1 and Materials and Methods). An acceptor fluorophore (Alexa 647) was attached to the DNA template strand either at position Ϫ10 (DNA1) or position ϩ3 (DNA2). A third acceptor label was coupled to an accessible cysteine residue in the Rpb4/7 complex (Rpb7-C150; Fig. 1 and Materials and Methods) after other cysteines had been replaced by serines with the use of site-directed mutagenesis in Escherichia coli.
The resulting elongation complexes allowed us to localize the RNA 5Ј end at various positions and thus to map the path that the growing RNA chain follows when exiting the polymerase. The complexes are active in RNA chain elongation in ensemble (17) and single-molecule experiments [see supporting information (SI) Fig.  5 ]. They may therefore be viewed as stable intermediates in the early elongation process.
sp-FRET Analysis. Using a single-molecule fluorescence microscope, we measured sp-FRET signals from individual elongation complexes (Materials and Methods). We recorded the fluorescence intensities of donor and acceptor molecules as a function of time. With these trajectories, we computed the respective sp-FRET efficiencies. Using the data from many molecules, we then constructed histograms of FRET efficiencies. For each length of RNA, we performed three independent sets of experiments measuring the FRET efficiency of complexes with the donor molecule attached to the RNA 5Ј end and the acceptor to DNA1, DNA2, or Rpb7-C150. Fig. 2 shows as examples sp-FRET histograms for elongation complexes containing DNA1 and RNA17 as well as DNA1 and RNA26, together with characteristic time trajectories of donor fluorescence, acceptor fluorescence, and computed sp-FRET efficiencies. All other histograms are shown in the supporting information (SI Figs. 6 and 7) . The main results are summarized in Table 1 .
The trajectory of FRET efficiency E shown in Fig. 2 A is rather constant, which is the typical behavior observed for all elongation complexes with RNA17, RNA20, or RNA23. In contrast, when the RNA is extended from 23 to 26 nt, the FRET signal no longer remains constant. A typical example is shown in Fig. 2C : the FRET efficiency of the DNA1-RNA26 elongation complex switches repeatedly between two levels, and the corresponding histogram shows two peaks (Fig. 2D) . Such apparent fluctuations could be caused by either distance variations or photo-physical changes in the donor and/or acceptor molecule. We checked for changes in the acceptor brightness by exciting the acceptor directly in an alternating excitation scheme (18, 19) . A typical example of a trajectory showing strong modulation of the FRET efficiency when being excited with green light and constant fluorescence intensity when excited with red light is shown in Fig. 3 . We furthermore analyzed the total intensity of emitted fluorescence and found that the observed fluctuations are not caused by changes of donor brightness (SI Fig. 8) . Thus, the observed fluctuations of E cannot be attributed to photo-physical changes of the donor or acceptor molecule, instead our single-molecule probe reports on a real-time reordering of the growing RNA chain, with an apparent rate of reordering of Ϸ1 s Ϫ1 .
In a next step, we used the mean FRET efficiencies (E) (extracted from the histograms) to compute distances (d) by using the determined Förster distances (Materials and Methods). Then, for each length of RNA, we determined the distance of its 5Ј end to the three known points in space (DNA1, DNA2, and Rpb7-C150) by using the respective mean FRET efficiencies extracted from the recorded histograms (Table 1) . To infer the unknown relative position of the dye molecule, we constructed a sphere around each of the three known positions with a radius determined by the FRET measurement. The intersection point of the three spheres determines the unknown position. A similar procedure has been applied previously to the study of helicase-DNA complexes (20) .
Accurate Localization of the RNA 5 End. To test the accuracy of our method, we compared distances computed from sp-FRET measurements to distances within the crystallographic structure. The mean FRET efficiencies of a donor molecule on DNA1 or DNA2 and an acceptor on Rpb7-C150 resulted in distances of 61 Å and 63 Å, respectively (SI Fig. 9 ). These distances are in good agreement with the values of 65 Å (DNA1) and 64 Å (DNA2) in the crystal structure [PDB code 1Y1W (3)].
It is known that a TMR fluorophore attached to the 5Ј end of DNA via a flexible six-carbon linker usually is stacked on top of the last base within the nucleic acid helix (21) . Although in case of RNA, these interactions might be weaker, stacking of the dye molecule to the last base of the RNA still is the most likely conformation. Thus, the dye molecule is expected to sit in close proximity to the last base and therefore can report accurately on the position of the RNA. Although an interaction between the charged surface of the polymerase and the dye molecule attached to its 5Ј end in principle could influence the position of the RNA, no systematic effect was observed (SI Fig. 10 ). However, we cannot rule out the possibility that such a direct interaction between dye molecule and protein surface exists.
Moreover, we checked the determined position by measuring the distance to yet another known point within the structure. To this end, we used another single-cysteine mutant of Rpb7-namely, Rpb7-C94 ( Fig. 1 )-and measured the distance between the acceptor attached to this position and the donor on the RNA. The measured distance then could be compared with the distance between the intersection point determined by our triangulation (using DNA1, DNA2, and Rpb7-C150) and the position of Rpb7-C94 from the x-ray structure. The comparison yielded deviations of on average 2.5 Å (never Ͼ5 Å; SI Table 2 ), thus providing another estimate of our experimental error.
Furthermore, trilateration allows for a self-consistent test for the accuracy of the sp-FRET distance determination. If one determines four distances, as described above, one can perform four independent three-distance trilaterations and compare the resulting four intersection points. An example of this procedure for the case of RNA29 is shown in SI Fig. 11 . The four positions that are determined by the four trilaterations are all within Ϸ3 Å from each other, thus providing another indication for the accuracy of our method.
RNA Traverses the Exit Tunnel and Disengages from the Surface.
Trilateration analysis for RNA17, RNA20, and RNA23 yields the corresponding positions of the 5Ј end (Fig. 4) . To account for experimental errors, the positions are represented by spheres with a radius of 5 Å (see Materials and Methods). The 5Ј end of the RNA17 is located near the end of the proposed exit tunnel (Fig.  4A ). Modeling shows that this position of RNA17 5Ј end can only be explained if the RNA extends from the crystallographically observed position Ϫ10 through the previously proposed exit tunnel beneath the polymerase lid (Fig. 4) . Thus, these data confirm that the RNA leaves the Pol II core through the exit tunnel as had been shown previously for the bacterial RNA polymerase (8, 22) . The distance between the last nucleotide visible in the crystal structure (3), indicating labeling sites. The core polymerase is shown in surface representation (in gray), and the backbone of the template DNA (blue), nontemplate DNA (cyan), and RNA (red) and the heterodimer Rpb4/7 (Rpb4 in red and Rpb7 in blue) are displayed with cartoon diagrams. The positions that were used to attach dye molecules, that is, Rpb7, residues Rpb7-C94, and Rpb7-C150, as well as the template DNA at position Ϫ10 (DNA1) and ϩ3 (DNA2), are shown in green. At Right is a close-up view of the labeling region highlighting the distances between Rpb7-C150 and DNA1 as well as Rpb7-C150 and DNA2.
at position Ϫ10 and the observed position at Ϫ17 is Ϸ28 Å, indicating that the RNA is in a stacked conformation within the exit tunnel as was observed recently in the crystal structure of an elongation complex of a bacterial RNA polymerase (22) . Beyond the tunnel, for the lengths of 17-23 nt, the RNA is compact and the distance between RNA17 and RNA23 is only Ϸ11 Å. In this region, the RNA end is too far from the polymerase surface for direct interactions (Fig. 4B) .
Extending RNA Associates with Pol II Before It Becomes Flexible. For elongation complexes containing RNA26, the single-molecule FRET measurements resulted in histograms that could be fitted with a double Gaussian fit (Fig. 2D) , thus yielding two values for d. Therefore, trilateration does not yield a single position but two positions between which the RNA end is fluctuating (Fig. 4) .
Although for short lengths, the RNA lacks contact with the surface of the polymerase, at a length of 26 nt, the RNA associates with the surface of the polymerase in the region of the dock domain (Fig. 4) . Furthermore, the conformation of the RNA between positions Ϫ23 and Ϫ29 is more extended, because the 5Ј end of RNA26 is located 15 Å or 20 Å from the end of RNA23 and it advances another 17 Å or 21 Å between the positions Ϫ26 and Ϫ29.
For the even longer RNA32 and RNA35, the histograms can no longer be fitted with a single or double Gaussian fit (SI Fig. 12 ). The 5Ј end is flexible and no longer occupies well defined locations on the Pol II surface.
Discussion
We have used single-particle fluorescence spectroscopy to map the path of mRNA exiting from Pol II. RNA exits from the active center cleft by traversing the previously proposed exit tunnel. RNA then continues toward the dock domain without apparent polymerase interactions. Once the RNA has reached a length of 26 nt, it makes direct contact with the dock domain, following a path between the two grooves previously proposed to possibly accommodate RNA. RNA further extends toward the beginning of the linker that connects to the CTD.
The position of the 5Ј end of RNA17 determined here, in comparison with the RNA position at register Ϫ10 observed in the crystal structure, shows that the RNA traverses the proposed exit tunnel. It has long been known that single-stranded RNA interacts with polymerase around positions Ϫ8 to Ϫ15 and that this upstream RNA-binding site contributes to elongation complex stability (23) . Our data provide further evidence that the region in the exit tunnel acts as the previously proposed RNA binding site (23) .
As the RNA grows longer, the single-particle data reveal a change from a compacted RNA structure (RNA17-RNA23) to a more extended structure (RNA26-RNA29). The RNA apparently lacks direct contacts with the polymerase beyond the tunnel but reassociates with the enzyme surface at register Ϫ26 and remains surface-associated at register Ϫ29. Reassociation of the RNA may account for sequence-independent transcriptional pausing that had been observed previously at around register Ϫ25 (24) . Polymerase association of the RNA around registers Ϫ26 and Ϫ29 also may account for the prevention of transcript slippage at these transcript lengths (25). Previous biochemical studies also have shown indications for an interaction between polymerase and RNA at these transcript lengths (26). When the RNA reaches lengths of 32 and 35 nt, its 5Ј end becomes increasingly flexible, and more transient interactions with the polymerase surface are detected in our FRET data. This finding is consistent with an accessibility of the RNA 5Ј end to the 5Ј-capping enzyme, which modifies the RNA end when a length of Ϸ30 nt is reached (27) .
Our observations have further implications for understanding the transition from transcription initiation to elongation. In an initially transcribing complex, growing RNA sterically clashes with the initiation factor TFIIB finger domain (28) . Beyond the tunnel, RNA also clashes with the TFIIB ribbon domain (29) , which is located on the Pol II dock forming contacts with Rpb1 between Fig. 3 . Alternating laser excitation. The graph shows an exemplary time trace of the DNA1-RNA26 sample. The excitation laser was alternated frame by frame between 633 nm (direct-acceptor excitation, Upper) and 532 nm (FRET excitation, Lower) (34) . Actual data and a 10-point sliding average are shown as thin and thick lines, respectively. residues 409 and 419 (28) . Both of the observed positions of RNA26 are exactly in that area, in close proximity to the side chains of serine S409 and arginine R416, respectively. Moreover, the surface charge distribution of the polymerase in the region of the dock domain has both positive and negative patches, providing several possible electrostatic interaction sites (SI Fig. 10) . Thus, growing RNA may contribute to TFIIB release during the transition from initiation to elongation, although strain that accumulates during initial DNA scrunching and subsequent bubble collapse is apparently more important (30, 31) . Because RNA extends over the dock domain, and not via the flanking grooves, it can prevent reassociation of the TFIIB ribbon with Pol II during mRNA elongation. We confirmed this competition in additional experiments where we added excess amount of TFIIB (see SI Text). Even a 100-fold excess of TFIIB leads to the displacement of only a small fraction of the RNA, whereas in the vast majority of Ϸ80% of the complexes the RNA remains associated with the dock domain (SI Fig. 13) . These experiments clearly reveal the potential of our method as it allows for a direct observation of the presence of transcription factors within active elongation complexes and their effect on the location and conformation of the nascent RNA.
A more general implication of this work is that the applied single-molecule trilateration technique based on multiple FRET measurements (20) provides an accurate tool for determining the positions of flexible domains in large multiprotein complexes. For smaller proteins, a related single-molecule approach-namely, mechanical triangulation-recently has been established (32) . In particular, we show that single-molecule fluorescence analysis can reveal structural features of a eukaryotic multisubunit RNA polymerase that had thus far escaped detection by x-ray crystallographic means because of inherent flexibility and/or because of limited diffraction data resolution.
The power of single-molecule fluorescence techniques for transcription studies had so far been demonstrated only for bacterial RNA polymerase (31, (33) (34) (35) . On the other hand, single-molecule force spectroscopy has been used to study the dynamics of transcription by bacterial and viral RNA polymerases. These experiments could elucidate kinetic aspects (36) , transcriptional pausing and backtracking (37, 38) , and details of the translocation mechanism (39) (40) (41) (42) . The experiments described in this article, in combination with recently published mechanical studies of Pol II transcription elongation (43) , provide a foundation for future singlemolecule experiments on eukaryotic RNA polymerases. The time resolution of single-molecule fluorescence experiments allows for an investigation of structural changes in real time, resulting in a dynamic view of complex biological processes. Such experiments could provide valuable insights into unclear mechanistic aspects of eukaryotic transcription and eventually also its regulation.
Materials and Methods
Single-Cysteine Rpb4/7 Variants. The yeast heterodimer of Rpb4/7 was expressed in a bacterial expression system and added to the 10-subunit Pol II-core-nucleic acid scaffold complex in vitro to obtain the complete polymerase II elongation complex (3). The comparatively small Rpb4/7 heterodimer with only five native cysteines is well suited for mutagenesis, and therefore the attachment of a single dye molecule within an elongation complex at a well defined and known location becomes feasible. To this end, we performed site-directed mutagenesis replacing native cysteines with serines to produce two mutants with only one singlecysteine residue at locations C94 and C150, respectively. The constructs were expressed and purified as described previously (3) .
Dye labeling of the single-cysteine mutants was conducted with an 8 to 10 times molar excess of Alexa 647-C2-Maleimide (Molecular Probes) in DTT freeassembly buffer (50 mM Hepes, pH 7.5/40 mM (NH4)2SO4/10 M ZnCl2/5% glycerol) at 37°C for 1 h. Labeled protein was purified by using G-50 spin-columns (Amersham Biosciences) with assembly buffer (50 mM Hepes, pH 7.5/40 mM (NH4)2SO4/10 M ZnCl2/5% glycerol/10 mM DTT).
Preparation of Pol II Elongation Complexes. Synthetic nucleic acid scaffolds were constructed from RNA and DNA oligomers (Biomers) by using partially mismatched DNA template and nontemplate strands. The sequences of the template and nontemplate strands as well as the RNA sequence (35-nt RNA) are shown in Fig. 1 A. One should note that no backtracking has been observed for these elongation complexes in multiple crystallographic and biochemical studies in contrast to studies with native promoter sequences, presumably because of energetic penalties caused by the mismatches of the oligonucleotides.
Seven different RNA molecules with lengths from 17 to 35 nt and sequence 5Ј-AACAUUACACGAAUAUAUAUGCAUAAAGACCAGGC-3Ј were investigated (the underlined letters correspond to the seven different 5Ј ends of a 17-nt, 20-nt, 23-nt, 26-nt, 29-nt, 32-nt, and 35-nt strand). Each 5Ј end had a 6-TMR molecule attached via a C6-amino linker. The nontemplate DNA strand had Biotin attached at the 5Ј end via a C6-amino linker. The biotin was used in the single-molecule experiments for immobilization of the elongation complex. The template DNA strand contained an internal C6-amino linker attached to a thymidine residue at either position Ϫ10 (DNA1) or position ϩ3 (DNA2). Alexa647 (Molecular Probes) then was covalently attached to these positions by using an N-hydroxysuccinimidylester derivative following the manufacturer's suggestions. Labeled DNA oligomers were purified by HPLC.
In addition to the FRET measurements of complexes with labeled RNA, control experiments were performed to measure the distance between donor dye on the DNA and acceptor on Rpb7. To this end, the template strand was labeled at position Ϫ10 (DNA1) or at position ϩ3 (DNA2) with 5-TMR isothiocyanate (TRITC; Molecular Probes) followed by HPLC purification. Furthermore, the Alexa-647-labeled Rpb7-C150, biotin-labeled nontemplate DNA, and a nonlabeled 17-nt RNA primer were used in the preparation of elongation complexes for these test experiments.
DNA-RNA scaffolds were annealed by using equimolar amounts of template DNA, nontemplate DNA, and RNA in TE buffer (10 mM Tris⅐HCl/1 mM EDTA) at a final concentration of 1 M. The mixture was heated to 95°C for 5 min, followed by fast cooling to 55°C and then slow cooling to 4°C in 1 h. The Pol II-DNA-RNARpb4/7 complex was assembled as described in ref. 3 . The complex was purified using Microcon YM100 centrifugal filter units (Millipore) against assembly buffer.
Preparation of Sample Chamber for sp-FRET Measurements. Quartz slides (Finkenbeiner) and coverslips (Marienfeld) were thoroughly cleaned with the detergent Hellmanex II (Hellma) and dried in nitrogen flow. Remaining particles were oxidized with a butane-gas torch. Afterward the quartz slides were silanized by using 2% (vol/vol) (3-aminopropyl)-triethoxysilane (Sigma-Aldrich) in acetone, followed by desiccation, rinsing with water, and drying. Hereafter, a solution of mPEG-succinimidyl propionate [15% (wt/vol), M r 5,000 Da, Nektar Therapeutics] and biotinylated PEG-N-hydroxysuccinimide ester (PEG-NHS) [1% (wt/vol), M r 3,400 Da, Nektar Therapeutics] in carbonate-bicarbonate buffer (pH 9.4) was applied. Subsequently the PEGylated slides were cleaned with water and dried.
The slides then were assembled together with a precut sealing film (Nescofilm) and a cleaned coverslip and heated to 150°C for 1 min to allow for the thermoplastic film to seal a channel and produce a microfluidic chamber. Two holes drilled into the quartz slides were used to insert and remove fluids from the chamber.
Pol II elongation complexes were attached to the biotin-PEG surface of the microfluidic chamber via neutravidin/biotin attachment. To this end, the chamber was incubated with 0.5 mg/ml neutravidin (Molecular Probes) in PBS. After exchanging the buffer with assembly buffer, the preassembled elongation complexes were loaded. Afterward unbound complexes were removed by washing extensively with assembly buffer.
Experimental Setup for sp-FRET. sp-FRET experiments were performed on a homebuilt prism-based total internal reflection fluorescence microscope (TIRFM). In this apparatus, the sample is excited by using both a frequency-doubled Nd-YAG laser (Crystalaser) at 532 nm for the excitation of donor molecules and FRET pairs and a He-Ne laser (Uniphase) at 633 nm for the direct excitation of the acceptor. The light from the two lasers is combined spatially with a dichroic mirror (Chroma Z532RDC). During the measurement, the excitation can be alternated between the two laser sources by using two software-controlled shutters (Uniblitz LS6). Alternating between FRET and direct-acceptor excitation allows for the discrimination of dynamics in FRET efficiencies caused by conformational changes against changes in FRET efficiencies caused by fluctuations in acceptor brightness (18) 
(see SI Text).
The excitation light is coupled into the sample chamber by means of a small prism. For total internal reflection (TIR), the incident angle is adjusted to Ϸ74°. The interior surface of the flow chamber sits at the focus of a lens with focal length f ϭ 75 mm, yielding an excitation area of Ϸ70 ϫ 35 m 2 with a power density of 1.5W/m 2 . Fluorescence intensity is collected via a water-immersion objective (Plan Apo ϫ60, N.A. 1.2; Nikon) and directed to an intensified backilluminated electron-multiplying charge-coupled device (EMCCD) camera (iXon DV887DCS-BV; Andor). To detect both donor and acceptor fluorescence simultaneously with the same camera, one half of the CCD chip is physically blocked by using a slit in the image plane of the detection path. Two channels of detection then are introduced by splitting and spatially offsetting the donor and acceptor fluorescence via a dichroic beam splitter (Chroma 645DCXR). Emission filters are placed in the two detection paths centered at 580 nm (Omega Optical 3RD550 -610) and 710 nm (Chroma HQ710/100M) to isolate the fluorescence light of the donor and acceptor molecules, respectively. All measurements were recorded with an exposure time of 100 ms per frame for a 30-s duration.
Data Analysis. The acquired data were analyzed by using custom software written in MATLAB. We used a fully automated routine to find FRET pairs and to calculate and subtract the local background. For the calculation of FRET efficiency of the individual FRET pairs, we used the following formula (44) :
where
IA and ID are background-corrected intensities from the acceptor and donor channels and I A/ID and IЈA/IЈD are the intensities before and after acceptor photobleaching, respectively. ␤ and ␥ are experimental correction factors: ␤ accounts for the leakage of the donor emission into the acceptor channel, and ␥ is a factor that includes the quantum yields of the fluorophores and the detection efficiencies of the two channels. We determined the correction factors for all FRET pairs individually by time-averaging the intensities I and IЈ. FRET pairs where no acceptor bleaching was observed were discarded from the analysis, because for these FRET pairs ␥ could not be determined. Direct excitation of the acceptor was so low (Ͻ5%) that it did not lead to detectable changes in the histograms (⌬E Ͻ1%) and therefore was disregarded in the analysis. FRET efficiencies were calculated for every time point after filtering the original data sets by using a 10-point sliding-average filter. The histograms of these FRET values represent transfer efficiency distributions and describe dynamics of nascent RNA products. Although most of the observed histograms show a fairly narrow distribution (width Ϸ0.2), there are some examples of broadened histograms, which could be caused, for example, by a lower signal or an increased mobility of the RNA. From the FRET efficiencies, we computed distances using the following equation:
where R0 is the Fö rster radius. We used a standard procedure (45) to determine R 0 experimentally by measuring the donor quantum yield (using rhodamine 101 as a standard) and donor emission and acceptor absorption spectra (to compute the overlap integral) and assuming a free diffusion of the dye molecule (SI Text). Different effects such as dye-linker structure and dynamics, uncertainties in R 0, and dynamics of the RNA itself all contribute to the experimental error. The precise error of the measurement therefore can only be estimated. The experimental tests performed in this work (comparison of experimentally determined distances to distances known from the crystal structure and comparison of fourth measured distance to expected distance) yielded errors Ͻ5 Å. Therefore, we assume an experimental error of Ϸ5 Å throughout this work.
Trilateration. For each RNA length, we computed three distances using the three recorded histograms. To infer from these three distances the unknown relative position of the dye molecule, we mathematically construct a sphere around each of the three known positions with a radius determined by the FRET measurement. For the attachment points on DNA1 and DNA2, we used the position of the C6 atom, and in the case of the labeling sites on Rpb7, we used the position of the respective sulfur atom as the center of the sphere. The intersection point of the three spheres determines the unknown position (20) . It should be noted that mathematically there might be as many as two intersection points; however, one of these points can be ruled out because of distance constraints, that is, the RNA simply is not long enough to reach the second point. Alternatively, the right intersection point can be determined by measuring a fourth distance.
